We report on conductance fluctuation in quasi-one-dimensional wires made of epitaxial Bi2Se3 thin film. We found that this type of fluctuation decreases as the wire length becomes longer and that the amplitude of the fluctuation is well scaled to the coherence, thermal diffusion, and wire lengths, as predicted by conventional universal conductance fluctuation (UCF) theory. Additionally, the amplitude of the fluctuation can be understood to be equivalent to the UCF amplitude of a system with strong spin-orbit interaction and no time-reversal symmetry. These results indicate that the conductance fluctuation in Bi2Se3 wires is explainable through UCF theory. This work is the first to verify the scaling relationship of UCF in a system with strong spin-orbit interaction.
I. INTRODUCTION
Bi 2 Se 3 is a well-known and long-studied material with excellent thermoelectric properties that consists structurally of a layered semiconductor with a narrow band gap and strong spin-orbit interaction. Bi 2 Se 3 has recently seen a resurgence in interest as a typical material of three dimensional topological insulators (3DTIs), which have spin-polarized Dirac electrons on the surface and a bulk band gap 1 . Previously, 3DTIs have been theoretically predicted 2, 3 and experimentally produced 4 . Because its surface state is protected against time-reversalinvariant perturbation, it is anticipated that 3DTIs will be used in spintronics 5 and quantum computing 6 . In order to facilitate such future applications and better understand the properties of surface Dirac electrons as well as electrons with strong spin-orbit interactions in the layered semiconductor, it is important to analyze the quantum transport properties of the material.
Several groups have already reported theoretical or experimental results relevant to characteristics of quantum transport phenomena, such as the weak antilocalization (WAL) effect, in intrinsic or doped Bi 2 Se 3 7-19 . However, there is little available information on conductance fluctuation in Bi 2 Se 3 7,8,20,21 , even though universal conductance fluctuation (UCF) [22] [23] [24] [25] [26] is an important phenomenon in quantum transport that has attracted a good deal of theoretical interest 27, 28 . Additionally, as the pioneering work on conductance fluctuation in Bi 2 Se 3 7 reported that neither the amplitude nor the correlation function behavior of conductance fluctuation can be explained by UCF, its origin in Bi 2 Se 3 remains controversial. In addition, there have been no quantitative reports on the amplitude scaling relationship of UCF in systems such as Bi 2 Se 3 with strong spin-orbit interaction. A quantitative study of conductance fluctuation in Bi 2 Se 3 is therefore essential to understanding the fundamental coherence physics of this material.
Previously, we reported on the temperature dependence of the amplitude of fluctuation in Bi 2 Se 3 and compared the coherence length derived from the WAL effect with that from UCF 20 . While these results confirmed that UCF theory could be used to understand conductance fluctuation, several issues remain to be addressed: the coherence length derived from the WAL effect is not perfectly consistent with that derived from UCF; and we also failed to confirm that the amplitude of the conductance fluctuation is consistent with the value predicted by conventional UCF theory.
In this study we report on conductance fluctuation in quasi-one-dimensional (quasi-1D) wire samples composed of an epitaxial Bi 2 Se 3 thin film. Our purpose is to clarify the physical properties of the conductance fluctuation observed in this material by addressing the scaling behavior of such fluctuations. In order to eliminate the averaging effect of wire width, in which the amplitude of fluctuation is reduced as width increases, we fabricated quasi-1D wires, and in our results we were clearly able to observe conductance fluctuation and the WAL effect in wires of various lengths. Analysis of the WAL effect determined the coherence length, from which we obtained the dependence of conductance fluctuation on the ratio of the coherence, thermal diffusion, and wire lengths, a relationship that is consistent with scaling behavior expected from UCF in the case of strong spin-orbit interaction. This work is the first to prove the validity of conventional UCF physics based on wire, coherence, and thermal diffusion lengths in systems with strong spinorbit interaction and no time-reversal symmetry; in addition, our results confirm that UCF theory is valid when applied to Bi 2 Se 3 systems.
II. EXPERIMENT
We grew a 20 nm-thick Bi 2 Se 3 thin film by molecular beam epitaxy (MBE) on a sapphire substrate, as described previously 29 . We used the same thin film as in the previous report 20 . The thickness of the film was equivalent to 20 quintuple layers, which is enough to allow the surface state to emerge 15, 30 . Angle-resolved photoemission spectroscopy (ARPES) measurement was used to evaluate the electron band structure below the Fermi energy level in momentum-energy space, as shown in Fig. 1(a) 20 . This result shows the linear dispersion relation of the Dirac electrons on the surface, guaranteeing that our thin film is 3DTI. The Fermi energy level is located 150 meV above the Dirac point and nearly in the bottom edge of the bulk conduction band owing to natural doping by Se vacancies 31 . We deposited a 30 nm-thick amorphous Se layer in situ to protect the Bi 2 Se 3 against water or oxidation that could decrease electron mobility 32, 33 . We fabricated wide and narrow wires using electron beam lithography. The wide one and the narrow one have 10 µm width and 100 nm width, respectively. Then we deposited Ti (5 nm) and Au (100 nm) as electrodes. Figure 1 (b) shows an optical image of the 100 nm-wide wire and a scanning electron microscope (SEM) image of an enlarged section of the wire; as can be seen, the edge of the wire is smooth enough to safely assume that its width is constant. In order to determine the thin film parameters, we measured the magnetic-field dependence of the longitudinal and Hall resistances of the 10 µm width wire (Hall bar) at 13 different temperatures between 2 and 20 K. We also measured the magnetic-field dependence of the resistance of the 100 nm-width wire at 2, 5, and 12 K. The 100 nm-width wire had six electrodes, spaced at intervals of 1, 2, 3, 4, and 5 µm, respectively, as shown in Fig. 1 (b) to detect voltage difference, and two electrodes to inject current.
We obtained experimental results from wires with lengths varying from 2 to 15 µm by changing voltage probe combinations. All measurements were carried out using the standard lock-in technique.
III. RESULTS AND DISCUSSIONS

A. Characterization of Bi2Se3 thin film
Based on results obtained from the 10 µm-width Hallbar sample, we were able to determine several relevant parameters. The carrier is n-type and the carrier density is 2.6 × 10 13 cm −2 , which does not depend on temperature below 20 K. Additionally, the temperature dependence of the resistance was found metallic. We show the resistance as a function of temperature between 20 K and 300 K in Fig. 2(a) . The bulk gap of Bi 2 Se 3 is about 0.3 eV, so that, if the Fermi energy was located in the bulk gap, the temperature dependence should be insulating. This means that our thin film was heavily n-doped semiconductor and bulk conduction mainly contributes to the transport. Based on the temperature dependence of the carrier density and resistance, we conclude that the thin film is metallic and its carriers mainly come from the bulk conduction band. This can be explained by the n-doping due to the oxidation in the air, the contamination on the microfabrication process or band bending near the interface by the substrate 29, 30 . For this reason, we could use a parabolic dispersion relation to calculate several relevant parameters such as the diffusion coefficient and the thermal diffusion length as follows.
B. Derivation of the thermal diffusion length
The mobility and the diffusion coefficient, D, are 560 cm 2 /V·s and 4.2 × 10 −3 m 2 /s, respectively; to calculate the diffusion coefficient, we used the effective mass 0.23 m e 34 . The thermal diffusion length hD/k B T is 127, 80, and 52 nm at 2, 5, and 12 K, respectively. Due to finite thickness of the sample, electrons occupy several subbands, each of which has different Fermi wave number. We take into account the subband occupation, and estimate D from the weighted average over the subbands as seen below.
First, we calculated the subband energies. The thickness is t = 20 nm and the subband energy can be written by
where n represents the index of subband. The Fermi wavenumber for each subband is
with ρ 2D (= 4πm eff /h 2 ) the 2D density of state per area, and ǫ the Fermi energy.
To determine how many subbands are filled for the experimentally estimated carrier density n s , we express the carrier density as a function of energy,
where we have assumed zero temperature. Θ(x) is the step function. The Fermi energy ǫ of our thin film is obtained by equating n(ǫ) = n s = 2.6 × 10 13 cm −2 . Figure 2(b) shows the result of calculation of n(ǫ)/n s , from which the Fermi energy of our thin film is estimated as ǫ = E F = 0.098 eV, which is smaller than the E(5) = 0.102 eV but greater than E(4) = 0.065 eV. This means that subbands with n ≤ 4 are occupied. From the Fermi energy, we can calculate the occupation of subbands as p(n) = (E F − E(n))ρ 2D /n s and obtain p(1) = 0.348, p(2) = 0.303, p(3) = 0.227 and p(4) = 0.122.
The Fermi wavenumber used to estimate the diffusion constant is now defined by weighted average over subbands,
= 6.76 × 10
The scattering time, τ = 7.32 × 10 −14 s, is estimated from the mobility µ via µ = eτ /m eff . From K F and τ , the diffusion constant is estimated as
We used this diffusion constant to calculate the thermal diffusion length.
C. Coherence length of the wide Hall-bar sample
In this paper, we have discussed the quantum interference effect of Bi 2 Se 3 , so that it is helpful to refer to the coherence length in the two-dimensional system of Bi 2 Se 3 . We measured the weak anti-localization effect of the wide Hall-bar sample, whose width is 10 µm, between 2 K and 20 K. In Fig. 3(a) , the magnetoconductance around 0 T at 3, 5, 7 and 10 K are shown. The vertical axis shows the data at 3 K; the other data are incrementally shifted upward by 0.1e 2 /h for clarity. Then, we deduced the coherence length, l φ , using Hikami-LarkinNagaoka formula (HLN formula) 35 .
B φ is defined byh/4el 2 φ . Figure 3(b) represents the coherence length as a function of temperature. The dots show the coherence length deduced from the WAL effect. The solid line is the fit to a power function, whose exponent is -0.65. In two dimensional system, the coherence length as a function of temperature is theoretically explained by T −0.5 if the decoherence mechanism is dominated by electron-electron interaction 36 . Our result is quite similar to the predicted value.
Our estimate of the prefactor in Eq. (4) is α ≈ −0.33. In the case of a two-dimensional system with strong spinorbit interaction, α should be equal to -0.5, which is consistent with our result. Another group reported that this prefactor α becomes equal to −1 as the coupling between the bulk and surface states becomes smaller, because the upper surface state is not hybridized to the bulk state and contribute to the conductance independently 12 . Our estimate of α indicates the main contribution is from the bulk states.
D. Wire-length dependence of the fluctuation amplitude
Results were then obtained for the 100 nm-width wire, as can be seen in Fig. 1(c) , which shows the magnetic field dependence of the resistance of the 3 µm-length wire at 2, 5, and 12 K. Two important features of the resistance can be noted from the figure: there is a dip at around 0 T originating from the WAL effect; and there is magnetoresistance fluctuation in the entire magnetic field region. Figure 1(d) shows the relationship between the resistances at 0 T and 12 K and the wire length; the points and the solid line represent the experimental data and the result of their linear fitting to wire length, respectively. From the figure it can be clearly seen that the samples satisfy Ohm's law on average and thus can be regarded as a system in weak disorder limit. This linearity guarantees that they are uniform enough to investigate their wire-length dependence of the fluctuation in the resistance.
In mesoscopic samples, UCF, namely, the conductance fluctuation of the order of e 2 /h occurs due to the difference of how the electron wave function interferes when the electron passes through the sample [22] [23] [24] [25] [26] . The magnetic field can add the phase via the vector potential and can change the interference, causing the conductance fluctuation as a function of magnetic field. For instance, when the phase coherence length of a quasi-1D system is finite and smaller than the sample length, self-averaging will reduce the amplitude of fluctuation by the ratio (l φ /L) 3/2 of the coherence length, l φ , to the wire length, L. When the thermal diffusion length, l T , is smaller than the coherence length, l T < l φ , the amplitude will be reduced through energy averaging by the ratio l T /l φ . In the case of a quasi-1D system with l T ≪ l φ ≪ L, the amplitude of UCF, ∆G = rms(G), follows 26, 37 rms
where C = π/3 in the presence of spin-orbit scattering and under broken time reversal symmetry. Below, we confirm that the conductance fluctuation in Bi 2 Se 3 is proportional to l T l 1/2 φ /L 3/2 and estimate the proportionality coefficient C in order to verify the origin of conductance fluctuation in Bi 2 Se 3 .
As can be seen in Fig. 1(c) , the resistance in a sample fluctuates as the magnetic field is swept; we found that this fluctuation is reproducible regardless of the magnetic sweep direction. In order to isolate the fluctuation component, δG, for analysis, we subtracted the linear and parabolic components of the magnetoresistance as background. As examples, δG of the 100 nm-width wires of lengths 3, 5, 7, and 9 µm at 2 K is shown in Fig. 4(a) , in which it can be seen that the amplitude of fluctuation becomes smaller as the wire becomes longer. In order to ensure that this tendency is consistent with conventional UCF theory, a plot of rms(G) at 2 K as a function of (a) Experimental results of conductance peak at 0 T for 100 nm-width wire at 2, 5, and 12 K are shown by the circles. The results of fitting using the model for the WAL effect in a quasi-1D system are shown as solid curves. The vertical axis shows the data at 2 K; the other data are incrementally shifted upward by 0.02 e 2 /h for clarity. (b) The ratios of the wire length to the coherence length estimated from the above procedure. These are plotted as a function of the wire length at 2, 5, and 12 K. The linear coefficients provide the coherence lengths based on 1/l φ .
L
−3/2 in Fig. 4(b) shows that the amplitude is indeed proportional to L −3/2 , as predicted by the theory.
E. Coherence length of quasi-1D wires
To get more quantitative results about the amplitude of the fluctuation, we analyzed the conductance peak around 0 T, which comes from the WAL effect, and deduce the coherence lengths. The circles in Fig. 5(a) show the experimentally obtained conductance of the 3 µm-length wire at 2, 5, and 12 K as a function of the magnetic field near 0 T. We then fitted the data to the WAL formula for a quasi-1D system 26 :
where φ 0 = h/e is the flux quantum and w is the wire width, and estimated the ratio L/l φ . The results of this fitting are represented by the solid curves in Fig. 5(a) . Here, the fitting range is restricted by the condition TABLE I. L/l φ at 2 K, 5 K and 12 K. The numbers in brackets are values of l φ in units of nm. The first column specifies the voltage probe configuration, with letters A to E corresponding to the marks in Fig. 6 . The second column L is the distance between the probes. The data indicated D-E* was obtained in the different cooling down of the sample. The photo is the same as that shown in Fig. 1(b) .
that the magnetic length l B is larger than the width l B = h eB > w = 100 nm, a magnetic length range based on the constraint that the magnetic flux through a phase coherent area is less than one flux quantum. It can be seen from this that the magnetoconductance of a quasi-1D Bi 2 Se 3 wire is accurately explained by the WAL theory. The ratio L/l φ is plotted as a function of wire length in Fig. 5(b) . Here, the typical values of coherence length, as derived from the proportionality coefficient, are 272 ± 8, 243 ± 7, and 151 ± 4 nm at 2, 5, and 12 K, respectively. The observed deviation from straight lines demonstrates that l φ depends somewhat on the configuration of the voltage probes. We show the probe configurations and list the values of l φ used for rescaling the x-axis of Fig. 7 in Table I 
Values of rms(G) at 2 (circles), 5 (squares) and 12 K (triangles) increases as lT l φ 1/2 /L 3/2 increases. The value of rms(G) is proportional to lT l φ 1/2 /L 3/2 , consistent with the predictions of UCF theory 37 . The straight line represents the relation expressed by Eq. (5) with C = 0.51.
F. Quantitative study of the fluctuation amplitude
As a result of the WAL effect, the coherence length will be longer than the thermal diffusion length, which should cause UCF to arise from self averaging and energy averaging; correspondingly, the UCF amplitude should satisfy the relation expressed in Eq. (5) . The values of rms(G) at various temperatures as a function of l T l φ 1/2 /L 3/2 are shown in Fig. 7 , where the circles, squares, and triangles represent data obtained at 2, 5, and 12 K, respectively. We note that, instead of the mean value estimated from the proportionality coefficient of the plot in Fig. 5(b) , the value of l φ estimated by fitting to the WAL formula ( Fig.   5(a) and Eq. (6)) is used here (see Table I ).
As shown in Fig. 7 , the amplitude of conductance fluctuation is proportional to l T l φ 1/2 /L 3/2 , which is consistent with Eq. (5) and provides reliable evidence that the origin of the conductance fluctuation is UCF.
We next discuss the value of the coefficient C in Eq. (5), for which we estimated a value of 0.51 ± 0.02 by the fitting rms(G) to a linear function of l T l φ 1/2 /L 3/2 , as shown in Fig. 7 . This is consistent with the fact that the fluctuation originates from UCF. Our result of the coefficient C, however, is less than the theoretical value, π/3 = 1.023 · · · 26 . This discrepancy may be caused by the fact that the condition l T ≪ l φ ≪ L in the formula Eq. (5) is not closely satisfied. Alternatively, the deviation can be explained in terms of specific properties of the topological insulator; in either case, further study is needed to clarify the situation.
G. Conclusion
Together with our previous work 20 , this study very strongly supports the hypothesis that conductance fluctuation in Bi 2 Se 3 originates from UCF. Our work has also demonstrated the transport properties of electrons in the bulk conduction band of 3DTI; this kind of understanding is necessary in determining the transport properties of disordered Dirac and Weyl electrons 38 . In this study, we investigated the transport properties of Bi 2 Se 3 wires of various lengths, determining that the amplitude of conductance fluctuation is proportional to l T l φ 1/2 /L 3/2 with a proportionality constant not far from the value predicted by UCF theory. This result constitutes reliable evidence that the conductance fluctuation in this material originates from UCF.
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